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In a frustrated J1–J2 chain with the nearest-neighbor ferromagnetic interaction J1 and the next-
nearest-neighbor antiferromagnetic interaction J2, novel magnetic states such as a spin-nematic state
are theoretically expected. However, they have been rarely examined in experiments because of the
difficulty in obtaining suitable model compounds. We show here that the quasi-one-dimensional
antiferromagnet NaCuMoO4(OH), which comprises edge-sharing CuO2 chains, is a good candidate
J1–J2 chain antiferromagnet. The exchange interactions are estimated as J1 = −51 K and J2
= 36 K by comparing the magnetic susceptibility, heat capacity, and magnetization data with the
data obtained using calculations by the exact diagonalization method. High-field magnetization
measurements at 1.3 K show a saturation above 26 T with little evidence of a spin nematic state
expected just below the saturation field, which is probably due to smearing effects caused by thermal
fluctuations and the polycrystalline nature of the sample.
Low-dimensional quantum spin systems with geomet-
rical frustration and/or competing magnetic interactions
have attracted much attention in the field of magnetism.
Low dimensionality, quantum fluctuations, and frustra-
tion are three ingredients that may effectively suppress
conventional magnetic order and lead us to unconven-
tional magnetic order or exotic ground states such as a
quantum spin liquid[1, 2].
A frustrated J1–J2 chain of spin 1/2 defined as
H = J1
∑
l
sl · sl+1 + J2
∑
l
sl · sl+2 − h
∑
l
sz
l
(1)
provides us with an interesting example: the competi-
tion between the nearest-neighbor (NN) ferromagnetic
interaction J1 and the next-nearest-neighbor (NNN) an-
tiferromagnetic interaction J2 causes various quantum
states in magnetic fields h[3–7]. Realized in low fields
is a long-range order of vector chirality defined as (sl ×
sl+n)z (n = 1, 2). As the field increases, spin correlations
change markedly because bound magnon pairs are stabi-
lized by ferromagnetic J1. The bound magnon pairs form
a spin density wave (SDW) in medium fields, whereas, in
high fields just below the saturation of magnetization,
they exhibit Bose–Einstein condensation into quantum
multipolar states[8–11]. One of the multipolar states ex-
pected just below the saturation is a quadrupolar state
of magnon pairs called a spin nematic state, analogous
to nematic liquid crystals.
To explore these quantum states theoretically pre-
dicted for the frustrated J1–J2 chain, many experimen-
tal studies have been performed on quasi-1D compounds
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TABLE I. Candidate compounds for the J1–J2 chain system.
Listed are the nearest-neighbor intrachain interaction J1, the
next-nearest-neighbor interaction J2, the bond angles of Cu-
O-Cu paths for J1, the antiferromagnetic transition temper-
ature at zero field TN, and the saturation field Hs.
Compound J1, J2 ∠ Cu-O-Cu TN Hs
(K) (deg) (K) (T)
Li2ZrCuO4[12, 13] −151, 35 94.1 6.4 -
Rb2Cu2Mo3O12[14, 15] −138, 51 89.9, 101.8 < 2 14
91.9, 101.1
PbCuSO4(OH)2[16–18] −100, 36 91.2, 94.3 2.8 5.4
LiCuSbO4[19] −75, 34 89.8, 95.0 < 0.1 12
92.0, 96.8
LiCu2O2[20–22] −69, 43 92.2, 92.5 22.3 110
LiCuVO4[23–31] −19, 44 95.0 2.1 44.4
NaCuMoO4(OH) −51, 36 92.0, 103.6 0.59 26
such as Li2ZrCuO4[12, 13], Rb2Cu2Mo3O12[14, 15],
PbCu(SO4)(OH)2[16–18], LiCuSbO4[19], LiCu2O2[20–
22], and LiCuVO4[23–31], the key parameters of which
are listed in Table I. These compounds commonly
have edge-sharing CuO2 chains made of CuO6 octahe-
dra. NN Cu spins are magnetically coupled with each
other through two superexchange Cu–O–Cu paths with
approximately 90◦ bond angles, while NNN Cu spins are
coupled through two super-superexchange Cu–O–O–Cu
paths. Thus, according to the Goodenough–Kanamori
rule, J1 should be ferromagnetic while J2 can be antifer-
romagnetic. This is in fact the case for these candidate
compounds, which causes frustration in the J1–J2 chains.
Among these compounds, the most often studied is
LiCuVO4 with J1 = −19 K and J2 = 44 K[25]. It has
been shown using large single crystals that LiCuVO4 ex-
hibits an incommensurate helical order at low fields[25–
29], which may be a 3D analogue of the vector chirality
2order in the J1–J2 chain, and a longitudinal SDW or-
der at intermediate fields[26–29]. Furthermore, a spin
nematic phase, a 3D analogue of the spin nematic state,
has been suggested slightly below the saturation field of
44.4 T at H ‖ c, where the magnetization shows a linear
field dependence[30]. However, the presence of the spin
nematic phase is still unclear because of the high sat-
uration field. Only NMR experiments were performed
around the saturation, which revealed that the major-
ity of magnetic moments were already saturated above
41.4 T, where the spin nematic phase was suggested from
magnetization measurements. This discrepancy is likely
due to crystal defects such as Li deficiency[31]. The other
candidate compounds thus far studied also have some
problems, such as disorder effects and the lack of large
single crystals. Thus, an alternative compound is re-
quired for further experimental study of the J1–J2 chain.
Here, we show that NaCuMoO4(OH) is a good candi-
date compound that meets various experimental require-
ments. NaCuMoO4(OH) was first prepared hydrother-
mally by Moini et al. in 1986 [32]. It crystallizes in
an orthorhombic structure with the space group Pnma,
which is isomorphous with that of the natural mineral
Descloizite PbZnVO4(OH)[33]. As shown in Fig. 1(a),
there is a CuO2 chain that may represent a J1–J2 chain,
similar to that observed in related compounds. We dis-
cover that NaCuMoO4(OH) is a quasi-1D frustrated an-
tiferromagnet with J1 = −51 K, J2 = 36 K, and TN
= 0.59 K. In addition, we show that the reasonably
low saturation field of 26 T of this compound makes it
promising for investigating an exotic spin nematic phase
expected in the J1–J2 chain system.
A polycrystalline sample of NaCuMoO4(OH) was syn-
thesized by the hydrothermal method. First, 3.807 g of
5 M NaOH aqueous solution (16.0 mmol of NaOH) was
diluted by adding water to a volume of 10 ml. Then,
1.155 g of MoO3 (8.0 mmol) and 0.8315 g of CuSO4 ·
5H2O (3.3 mmol) were added. The mixed solution was
put in a Teflon beaker of 30 ml volume, placed in a stain-
less steel autoclave, and heated at 240 ◦C for 48 h. An
aggregate of small yellowish green crystals having a rod-
like shape and a typical size of 0.1×0.1×0.2 mm3 [inset
of Fig. 1(b)] was obtained. The crystals were filtered,
washed with water and ethanol, and dried at room tem-
perature. To estimate the lattice contribution in heat
capacity, a nonmagnetic analogue NaZnMoO4(OH) was
also prepared in a similar way.
Sample characterization was performed by powder X-
ray diffraction (XRD) analysis using Cu Kα radiation
(RINT-2000, Rigaku), by chemical analysis using induc-
tively coupled plasma spectrometry (JY138KH, Horiba),
and by thermal gravimetry (TG-DTA2020SAH, Bruker
AXS). A powder XRD pattern from crashed crystals is
shown in Fig. 1(b). In a whole powder pattern fitting us-
ing a program PDXL (Rigaku), all the peaks are indexed
to reflections allowed for the space group Pnma with
the lattice constants a = 7.7338(3) A˚, b = 5.9678(2) A˚,
and c = 9.5091(3) A˚, which are close to those previ-
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FIG. 1. (Color online) (a) Crystal structure of
NaCuMoO4(OH) (left) and a local environment around a
CuO2 chain (right) based on the structural parameters re-
ported in Ref. 32. (b) Observed (red cross) and calculated
(blue curve) powder XRD patterns (Cu Kα1 radiation) of a
polycrystalline sample of NaCuMoO4(OH). Additional con-
tributions from Cu Kα2 radiation have been analytically re-
moved. The positions of reflections and the difference in in-
tensity between the observed and calculated patterns are in-
dicated by vertical black lines and a magenta curve at the
bottom, respectively. The inset shows a photograph of a small
single crystal of NaCuMoO4(OH).
ously reported: a = 7.726(2) A˚, b = 5.968(2) A˚, and c
= 9.495(3) A˚[32]. The chemical compositions of Na, Mo,
and Cu are 8.3(1), 23.6(1), and 35.3(2) wt%, respectively,
which are close to the stoichiometric compositions of 8.7,
24.1, and 36.4 wt%; the small deviation may be due to
the inclusion of small amounts of byproducts. A dehydra-
tion reaction with a weight loss of 3.3(1)% was observed
above 350 C◦, which means that nearly half mol of H2O
has been lost as expected from the chemical composition.
Thus, we have successfully obtained NaCuMoO4(OH) for
detailed characterizations of its magnetic properties.
Magnetic susceptibility was measured in a SQUID
magnetometer (MPMS, Quantum Design), and magneti-
zation was measured up to 50 T in a pulse magnet at the
Ultra High Magnetic Field Laboratory of the Institute for
Solid State Physics at the University of Tokyo[34]. Heat
capacity was measured by the relaxation method (PPMS,
Quantum Design). The g factor of the paramagnetic
state was estimated by multifrequency high-field ESR
measurements up to 520 GHz at Kobe University[35]
instead of by conventional X-band ESR measurements.
Heat capacity measurements were performed on a thin
pellet of a powdered sample, and all the other measure-
ments were performed on an aggregate of single crystals.
The temperature dependence of magnetic susceptibil-
ity is shown in Fig. 2. No anomaly indicative of a long-
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FIG. 2. (Color online) Temperature dependences of magnetic
susceptibility. The blue dashed cuves represent a Curie–Weiss
(CW) fit, and the black and red solid curves represent fits to
calculations based on the high-temperature series expansion
(HTSE) for uniform 1D antiferromagnetic (1DAF)[36] and
frustrated J1–J2 chains[38], respectively. The inset shows the
magnetic susceptibility compared with these obtained using
calculations by the exact diagonalization method for J1–J2
chains with J1/J2 = −1.4 (red curve), −0.7 (blue curve),
and 0 (black curve), where the g factor and temperature-
independent contribution are fixed to g = 2.11 determined
from the ESR measurement and χ0 = 1.2×10
−5 cm3 mol−1
from the HTSE fit, respectively.
range order is observed above 2 K, while a broad peak
is observed at 14 K, indicating the presence of a 1D an-
tiferromagnetic correlation. The magnetic susceptibility
in the range of 150–350 K is fitted to the sum of a Curie–
Weiss contribution and a temperature-independent con-
tribution χ0,
χ(T ) =
Ng2µ2BS(S + 1)
3kB(T − θ)
+ χ0, (2)
where g is the Lande g factor, µB is the Bohr mag-
netron, kB is the Boltzmann constant, and θ is the
Weiss temperature. The fitting shown by the dotted
line in Fig. 2 yields θ = −5.0(5) K, g = 2.18(1), and
χ0 = −2.5(4)×10
−5 cm3 mol−1.
χ in the range of 8–350 K is alternatively fitted to a
1D antiferromagnetic (1DAF) chain model[36]. The cal-
culated curve well reproduces χ, particularly the broad
peak at 14 K, and yields J1DAF = 24.4(1) K, g = 2.30(1),
and χ0 = −1.67(1)×10
−4 cm3 mol−1. However, this fit-
ting suffers from the following two inconsistencies. First,
g of 2.30 is too large for the powder average for Cu2+
ions, typically 2.1–2.2, and χ0 is too small compared
with the diamagnetic susceptibility from core electrons,
χdia = −8.3×10
−5 cm3 mol−1; χ0 must be larger than
χdia since there must be an additional positive contri-
bution from the Van Vleck paramagnetism. Second, the
Weiss temperature expected in the mean field theory is
θ = −J1DAF/2 = −12 K in the 1DAF chain, which is
significantly different from θ = −5.0 K from the Curie–
Weiss fit. Similar discrepancies have been observed in
0.6
0.5
0.4
0.3
0.2
0.1
0
C m
/T
 (J
 K
-
2 m
o
l-1
)
50403020100
T (K)
6
4
2
0
S m
 
(J 
K-
1 m
o
l-1
)
0.6
0.5
0.4
0.3
0.2C m
/T
 (J
 K
-
2 m
o
l-1
)
1.00.50.0
T (K)
R ln 2
1DAF chain
J1–J2 chain
(J1/J2 = -1.4)
TN
FIG. 3. (Color online) Temperature dependences of magnetic
heat capacity divided by temperature and magnetic entropy.
The black and red curves show heat capacities for a uniform
1DAF chain with J = 24.4 K and a frustrated J1–J2 chain
with J1 = −51 K and J2 = 36 K (J1/J2 = −1.4) calculated
by the exact diagonalization method, respectively. The inset
expands the low-temperature part, where a sharp anomaly
indicates a phase transition.
LiCuVO4: a fit to the 1DAF chain model gives a larger
g than that determined by ESR measurements[37] and a
smaller −J1DAF/2 than θ for the Curie–Weiss fit[25, 37].
Thus, there must be additional ferromagnetic couplings
in these compounds.
Provided that there are two magnetic interac-
tions, ferromagnetic J1 and antiferromagnetic J2, in
NaCuMoO4(OH), we have determined J1 and J2 by ana-
lyzing χ more elaborately on the bases of simulations by
the high-temperature series expansion (HTSE)[38] and
exact diagonalization (ED) method. First, we have deter-
mined the g factor by ESR experiments. Absorption lines
observed at 173 K at frequencies between 200 and 520
GHz were well reproduced by single Lorentzian curves
with linewidths of about 2 T. g is estimated to be 2.11(2)
from a linear relation between the resonant frequency and
the field.
Fitting to the J1–J2 chain model based on the HTSE
in the range of 100–350 K using g = 2.11 yields J1 = -
61(2) K, J2 = 41(2) K, and χ0 = 1.2(2)×10
−5 cm3 mol−1.
This estimation for J1 and J2, however, may not be
reliable, because the HTSE is applicable only at high
temperatures, while χ0 must be reliable. In contrast,
ED calculations can simulate χ down to lower temper-
atures: our full diagonalization for N = 18 spins in the
periodic boundary condition using the ALPS package[39]
may be reliable down to T ∼ 0.4J2. Assuming χ0
= 1.2×10−5 cm3 mol−1 from the HTSE fit, we have ob-
tained a best fit to the experimental data at J1 = −51 K
and J2 = 36 K (J1/J2 = −1.4). χ values compared with
a series of calculations for J1/J2 = −1.4, −0.7, and 0 are
shown in the inset of Fig. 2. We can determine the J1
and J2 almost uniquely to reproduce the whole χ.
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FIG. 4. (Color online) Magnetization curves recorded at 1.3 K
(black curve) and 4.2 K (blue curve) upon increasing and
then decreasing magnetic field in short magnetic pulses of a
few milliseconds. An aggregate of small crystals with random
orientation was used for each measurement. The stepwise
black line shows a calculated magnetization curve for a uni-
form 1DAF chain with J = 24.4 K and g = 2.30, and the
red one is for a frustrated J1–J2 chain with J1 = −51 K, J2
= 36 K, and g = 2.11. Both calculations were performed by
the Lanczos method for N = 24 sites. The inset shows the
corresponding field-derivative curves near the saturation.
The heat capacity C is another important ther-
modynamic quantity that carries information about
magnetic properties. The lattice contribution of
NaCuMoO4(OH) has been estimated from the heat ca-
pacity of NaZnMoO4(OH). Taking into account a pos-
sible difference in the Debye temperature between the
two compounds, the C–T curve of NaZnMoO4(OH) has
been expanded along the T axis by a factor of 1.07 so
that the high-temperature parts above 150 K coincide
between them. The magnetic contribution Cm is ob-
tained by subtracting the expanded curve. Cm divided by
temperature, Cm/T , which is shown in Fig. 3, exhibits
a broad peak at 8 K, indicating the development of a
short-range magnetic order, and then a sharp increase
followed by a cusp at 0.59 K, which gives clear evidence
of a long-range order. Cm/T down to low temperatures
is not reproduced by ED calculations for a 1DAF chain
with J = 24.4 K but for a J1–J2 chain with the same J1
and J2 used in the χ fitting, which clearly demonstrates
the reliability of our estimation. The transition tempera-
ture TN of 0.59 K is as low as about 1% of J2, indicating a
good one-dimensionality in magnetic interactions. Note
that the one-dimensionality is better in the present com-
pound than in LiCuVO4: the TN of LiCuVO4 is 2.1 K,
which corresponds to about 5% of J2. Assuming that
Cm/T decreases to 0 linearly below 0.5 K as expected
from the high-temperature curve, the magnetic entropy
Sm below TN is estimated to be 0.15 J mol
−1, which
is only 2.6% of the total entropy of R ln 2 for spin 1/2.
This confirms the good one-dimensionality of the present
compound.
Magnetization measurements up to 50 T were per-
formed to search for a spin nematic phase. Magneti-
zation curves measured at 1.3 and 4.2 K are shown in
Fig. 4, which are compared with those calculated by
the Lanczos method for N = 24 sites using the ALPS
package[39]. The small hysteresis in the magnetization
curve may be due to a magnetocaloric effect under a
quasi-adiabatic condition. The magnetization curve at
1.3 K rapidly increases at 23 T and almost saturates
above 26 T, while the 4.2 K curve rises more gradually
owing to thermal fluctuations. The saturation moment
of 1.05 µB/Cu is consistent with the g factor of 2.11(2).
The calculated curve for the J1–J2 chain model with the
same parameters from the analyses of χ reproduces the
1.3 K curve very well, while that for the 1DAF chain does
not. Note that the calculations assume T = 0, so that a
thermal smearing effect should always be taken into ac-
count when compared with experiments. The saturation
field Hs is calculated to be 25.4 T using the equation Hs
= {J1 + 3J2 − J
2
2/(J1 − J2)} kB/(2gµB) [3, 4], which is
in good agreement with the experimental one.
In a single crystal of LiCuVO4, a linear variation in
magnetization has been observed just below the satura-
tion at 1.3 K, which may be associated with a spin ne-
matic order[30]. Such a linear variation is not discernible
in Fig. 4 for the present compound. The field derivatives
of the magnetization curves at 1.3 K show asymmetric
peaks at 24–25 T. This is partly because we used an ag-
gregate of small crystals: an anisotropy in the g factor
should cause a distribution in Hs so that a linear vari-
ation below Hs could be averaged to disappear. In ad-
dition, the measurement temperature of 1.3 K may not
be low enough compared with TN = 0.59 K to stabilize
a spin nematic phase. Note that the temperature of 1.3
K is lower than TN = 2.1 K for LiCuVO4. Further ex-
periments using a large single crystal at temperatures as
low as TN are necessary to obtain evidence of the spin
nematic phase in NaCuMoO4(OH).
We have shown that NaCuMoO4(OH) with J1
= −51 K and J2 = 36 K can be a good model com-
pound for the J1–J2 chain system. Let us compare
NaCuMoO4(OH) with the other model compounds listed
in Table I. It is found in these compounds that J2 does
not change so much at 30–50 K, while −J1 varies largely
at 20–150 K. This is because J2 occurs by the super-super
exchange interaction via the Cu–O–O–Cu path, while J1
by the superexchange interaction via the Cu–O–Cu path,
only the latter of which is sensitive to local structures;
J1 becomes ferromagnetic when the Cu–O–Cu angle is
close to 90◦ and changes into antiferromagnetic when the
Cu–O–Cu angle exceeds 95–98◦[40, 41]. For instance, a
bond angle close to 90◦ leads to a large ferromagnetic J1
of −138 K in Rb2Cu2Mo3O12, while the 95.0
◦ bond an-
gle of LiCuVO4 gives J1 = −19 K. In NaCuMoO4(OH),
two types of Cu–O–Cu path are present, one passing
through O(1) with a 92.0◦ bond angle and the other pass-
ing through O(4) connected to hydrogen with a 103.7◦
bond angle (Fig. 1). The moderately large ferromagnetic
5J1 = −51 K may be attained from the dominant contri-
bution of the Cu–O(1)–Cu path.
The good combination of J1 and J2 in
NaCuMoO4(OH) provides us with a better oppor-
tunity for studying the physics of the J1–J2 chain.
Hs = 26 T in NaCuMoO4(OH) is much smaller than
Hs = 44.4 T in LiCuVO4, and is accessible in various
experiments such as magnetization, NMR, and even
neutron scattering experiments. One more important
requirement for a good candidate compound is the
availability of a large and clean single crystal. Among
the compounds shown in Table I, large single crystals
have been obtained only for PbCuSO4(OH)2[16–18],
LiCu2O2[20–22], and LiCuVO4[23–31]. However, ”a
cleanness” of these crystals seems unsatisfactory: a
natural crystal of PbCuSO4(OH)2 is contaminated by
impurities, and the two Li-containing crystals seem
to suffer from Li deficiency or an interchange between
Li and Cu atoms[24]. In contrast, NaCuMoO4(OH)
shows no such problems as the Na ion is much less
mobile in crystals than the Li ion, and its large ionic
radius prevents intersite mixing with Cu. Therefore,
NaCuMoO4(OH) can be an ideal compound for the
J1–J2 chain quantum magnet in various aspects. We
continue our effort in obtaining a larger single crystal by
tuning growth conditions. In the future, we will clarify
the physics of the J1–J2 chain, particularly the nature of
the spin nematic phase by 23Na NMR experiments and
others on sizable single crystals of NaCuMoO4(OH).
In summary, we have investigated the magnetic suscep-
tibility, heat capacity, and magnetization of the quasi-
1D quantum antiferromagnet NaCuMoO4(OH). By
comparing them with those obtained using calculations
by the exact diagonalization method, it is shown that
NaCuMoO4(OH) is a good candidate frustrated J1–J2
magnet: J1 = −51 K, J2 = 36 K, TN = 0.59 K, and
Hs = 26 T (much smaller than 44.4 T for LiCuVO4).
Although our magnetization measurements at 1.3 K us-
ing an aggregate of small crystals have failed to obtain
evidence of the spin nematic order, we think that our
future experiments at lower temperatures using a large
single crystal would uncover the intriguing physics of the
frustrated J1–J2 chain.
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